[1] For the first time, we performed continuous observations of turbulent mixing upon the sill of the Urup Strait, Kuril Islands, for a period of 1 day during August of 2006. Time series of velocity profiles, water properties, and isopycnal depths show variability with a period of about 1 day; however, the water mass variability is not explained by simple water exchange between the Sea of Okhotsk and the North Pacific. Empirical orthogonal function (EOF) analysis of isopycnal coordinates extracted variability presumed to represent tidal flows as major EOFs. In profiles of the residual flow after subtracting the mean flow and major EOFs, we detected phase propagations consistent with internal gravity waves, with an approximate period of 9.1-11.4 h. The turbulent energy dissipation rate " and vertical diffusivity K r ranged from 1 × 10 −9 to 3 × 10 −8 W kg , respectively. Occurrences of high dissipation rates generally corresponded to either strong shear or weak stratification. A significant contribution of shear S to the dissipation rate " was indicated with a relationship of " ∼ S 1.4 -S 1.8
Introduction
[2] Vertical mixing around the Kuril Islands has been suggested to play an important role in the formation and modification of intermediate water in the Sea of Okhotsk and the North Pacific [e.g., Kitani, 1973; Talley, 1991; Yasuda, 1997] . Although limited in both time and space, diurnal tidal flow that might enhance this vertical mixing has been observed by current profilers and surface drifters [Katsumata et al., 2001; Rabinovich and Thomson, 2001; Ohshima et al., 2002; Katsumata et al., 2004] . Based on lowered acoustic Doppler current profiler (LADCP) observations within the deepest passage of the Bussol' Strait, the flow showed a strong diurnal tidal component, with a maximum velocity exceeding 1 ms −1 [Katsumata et al., 2004] . Strong diurnal flow around the Kuril Islands has also been reproduced in a numerical tidal model [Nakamura et al., 2000a] .
[3] Because the diurnal frequency in the Kuril Island area is subinertial, internal waves of the corresponding frequency occur as topographically trapped waves rather than propagating internal gravity waves. Tide-topography interaction and subsequent wave generation in the Kuril Island area has been examined numerically by Nakamura et al. [2000b] using a two-dimensional non-hydrostatic model, revealing the breaking of large-amplitude internal waves generated by the strong diurnal tide on the lee side of a sill. The authors termed these waves "unsteady lee waves." Based on the results of three-dimensional non-hydrostatic modeling, Nakamura and Awaji [2004] reported intense vertical mixing around the straits, including a large vertical diffusivity of 0.5-1.0 × 10 −3 m 2 s −1 in the Bussol' Strait and an extremely strong value of 1 × 10 −1 m 2 s −1 in the shallow straits. A comparison of TOPEX/Poseidon altimeter data with a two-dimensional numerical model also suggested strong vertical mixing, with mean diapycnal diffusivity exceeding 5 × 10 −2 m 2 s −1 in areas of shallow sills [Tanaka et al., 2007] . It is noted that these areas around the shallow straits may be key spots of the water modification of the intermediate waters, in that the depth-integrated energy dissipation was expected to be greater than that of deep straits [Tanaka et al., 2007] .
[4] Despite the importance of vertical mixing in the Kuril Islands, current observation data are limited, and it is only recently that microstructure measurements have been undertaken to directly yield mixing intensity. Our research group carried out intensive hydrographic observations around the Kuril Islands, using vertical microstructure profilers (VMPs), for the first time in August 2006. In this paper, we report the results of the first observations in the Urup Strait (Figure 1a ), which is a shallow-passage southwest of the Bussol' Strait, where strong vertical mixing has been suggested in previous modeling studies [Nakamura and Awaji, 2004; Tanaka et al., 2007] . We present the structures of water mass, currents, and intensity of vertical mixing, and discuss the processes responsible for intensive mixing.
Data and Methods

Observations and Data Processing
[5] Shipboard observations were performed continuously for ∼25 h from about 08:00 UTC on 17 August 2006 to about 09:00 UTC on 18 August 2006 in the Urup Strait (Figure 1b) , from aboard the R/V Professor Khromov of the Far Eastern Regional Hydrometeorological Research Institute, Russia. The observation station was located on the Okhotsk side of the sill, where the slope is supercritical with respect to the semidiurnal tide ( Figure 2 ) and large-amplitude internal waves were reproduced in the previous numerical simulation [Nakamura and Awaji, 2004] . The approximate moon phases during the observation period were 23.3-23.4, corresponding to neap tide.
[6] Repeated observations were conducted around the spatially fixed station at 46°22′N, 150°39′E alternately using a conductivity-temperature-depth profiler (CTD) (SBE 911plus, SeaBird Electronics) and an LADCP (300 kHz Workhorse, Teledyne RD Instruments: mounted on a same frame with CTD), and a VMP (VMP2000, Rockland Scientific International) equipped with two high-resolution shear probes (sampled at 512 Hz) and moderate-resolution but high-accuracy conductivity (SBE3) and temperature (SBE4) sensors. CTD and LADCP data were obtained for six pairs of down and up casts, and VMP data are available for seven down casts (microstructure data were taken during down casts, when the instrument was falling freely with typical speed of 0.6-0.7 ms −1 ). These casts are herein denoted as CTD-iD/iU and VMP-i (i.e., ith down/up casts of CTD or LADCP, and ith cast of VMP, respectively). To examine water properties in the Urup Strait, we also analyze CTD data collected at stations A-1 and A-3, located in the western subarctic gyre and the Kuril Basin, respectively. These reference waters are herein referred to as western subarctic gyre water (WSAGW) and Kuril basin water (KBW), respectively.
[7] The buoyancy frequency N was estimated from 1-minterval potential density profiles, after conducting a 20-mcutoff fifth-order Butterworth low-pass filter and eliminating density inversions via reordering. LADCP data were processed using the routines provided by Dr. Eric Firing's group at the University of Hawaii after modifying the programs to directly use bottom tracking and CTD data Figure 1 . Bathymetric maps of (a) the southern Kuril Islands and (b) the area of the Urup Strait (as indicated by the square in Figure 1a ). The solid circle in Figure 1b indicates the location of the observation station in the Urup Strait, and crosses in Figure 1a indicate sites where reference water sampling was conducted. Gray lines show composite bottom topography based on the data of Smith and Sandwell [1997] (contour intervals were 1000 m for Figure 1a and 1000 m and 100 m for thick and thin lines, respectively, of Figure 1b ) and Japanese and Russian charts. Bottom topography along the cross-section represented by the thin line in Figure 1b is shown in Figure 2 . Figure 1b) . The location of the station is shown by a solid circle with a vertical line below. Seafloor slopes with a gradient steeper (less steeper) than the characteristics of semidiurnal internal gravity waves are drawn with a dashed (solid) line.
[ Katsumata et al., 2001 ; see also Fischer and Visbeck, 1993] . The velocity components of northeastward and northwestward flow across the sill are denoted as the U and V components, respectively.
[8] Calculation of the turbulent dissipation rates was conducted using software DISS 2.0 (Rockland Oceanographic Services Ltd., DISS library: Data processing and analysis software for MSS and ODAS data, 36 pp., Victoria, B. C., Canada, 2005) , which was based on the theory and techniques commonly proposed in the literature [e.g., Oakey, 1982; Gregg, 1999; Wolk et al., 2002] . Here we briefly describe the procedure and parameters used in our calculation. From the micro-scale velocity data, power spectra were calculated for 16 s segments (8192 points, approximately equivalent to 10 m depth segments) by block-averaging (1024-point blocks) Fast Fourier Transform (FFT) with 50% overlap, using a Hanning window. The spectra '(k) were then integrated with respect to wave number k to obtain the turbulent dissipation rate
where n is the kinematic molecular viscosity and k s is the Kolmogoroff wave number k s = (2p)
. In the case when k s was beyond the highest wave number k max (required to be close to k s within 2 cpm) that is free from the vibration noise of the instrument, the integration above k max was conducted using the Nasmyth universal spectrum [Oakey, 1982] corresponding to a dissipation rate estimation by the integration up to k max . The spectral shapes of '(k) in the range below k max agreed well with those of the Nasmyth spectrum (not shown), indicating small systematic error [Wolk et al., 2002] , except for some data near surface (typically above 20 m) that were eliminated from the data. Calculated values of " from the two shear probes (with sensing elements aligned to different horizontal axes so that each probe measures vertical shear of a different horizontal velocity component) for each of 10 m segments were mostly within a factor of two, which is small enough compared to the temporal and spatial variability. After eliminating outliers by comparing profiles from the two shear probes, we averaged the two values to obtain " of each segment. Vertical diffusivity coefficients were calculated based on K r = G"/N 2 [Osborn, 1980] , with the mixing efficiency G assumed to be a constant value of 0.2.
Analyses
[9] The vertical structure of horizontal velocity and its temporal variations were examined using empirical orthogonal function (EOF) analysis. Because we observed large temporal fluctuations in the depths of isopycnal surfaces, the analysis was performed using volume transport data in isopycnal coordinates rather than velocity data in z-coordinates (depth). Details of these procedures are provided in the following section, after presentation of the vertical profiles.
[10] To examine the mechanism of vertical mixing, profiles of " and K r were compared with vertical shear of horizontal velocity S = [(∂u/∂z) 2 + (∂v/∂z) 2 ] 1/2 and buoyancy frequency N = (−g/r ∂r/∂z) 1/2 . The CTD casts that collected velocity data by LADCP were not carried out at the same time as VMP casts; therefore, the velocity data obtained at the upward CTD casts, just before VMP casts, were compared with the vertical mixing data obtained by VMP. The degree of dependence of mixing intensity on shear and stratification was assessed using 50 m box-averaging for 1 m interpolated data to directly compare relatively lowresolution LADCP shear data with the mixing data. The 50 m box-averaged shear (not shear of the averaged flow), buoyancy frequency, and dissipation rate are denoted as S 50 , N 50 , and " 50 , respectively.
Results
Flows, Water Properties, and Mixing Intensity
[11] Figure 3 shows time series of horizontal velocity, temperature, salinity, and potential density. Although flows were asymmetric (not regular) in time and baroclinic in depth (depth-dependent), the directions and magnitudes of the depth-averaged flow above 27.1 s (available for all CTD casts, roughly representing barotropic flow) show a periodicity of about 1 day, similar to the dominance of the diurnal tide observed in the Bussol' Strait [Katsumata et al., 2004] . Maximum velocity was about 0.7 ms −1 , as observed in the upper layer during CTD-5D to 5U. Variations in the isothermal depth of 1.75-2.25°C, isohaline depth of 33.3-33.4 psu, and isopycnal depth of 26.6-26.8 s also indicate diurnal fluctuations with an amplitude of 100-200 m. In addition to these vertical displacements, a potential temperature minimum at a scale of 50-100 m occurred during CTD-2D to CTD-2U, CTD-4D to VMP-4U, and CTD-5D to VMP-5. The minimum potential temperature was lowest at VMP-5, dropping to about 1.1°C.
[12] The timing of upward and downward isopycnal displacements approximately corresponds to the upper-layer flows toward the Pacific (e.g., a southeastward component occurred during CTD-2D to 4U above 26.8 s ) and the Sea of Okhotsk (e.g., a northwestward component occurred during CTD-5D to 5U above 26.8 s and during CTD-4D to 4U between 26.6 and 26.8 s ), respectively. Because the depths of these isopycnal surfaces are shallower in the Pacific than in the Sea of Okhotsk [Yasuda, 1997; Itoh et al., 2003 ], this fluctuation is not caused by simple water replacement.
[13] Figure 4 shows temperature-salinity diagrams (T-S diagrams) for the 19 CTD and VMP profiles obtained in the Urup Strait, together with profiles for WSAGW and KBW. The water properties in the Urup Strait are more similar to those of the KBW than those of the WSAGW. Although the water in the Urup Strait was generally warmer than KBW in the potential density range from 26.5 to 26.7 s , the temperatures are not explained by a contribution of WSAGW on isopycnal surfaces. In contrast to the 100-200 m variation in the isothermal, isohaline, and isopycnal depths observed in vertical profiles (Figure 2 ), the T-S curves show no marked temporal variations, indicating the contribution of internal-wave heaving [Munk, 1981] , except for narrow temperature troughs below KBW around 26.7-26.8 s in the 4th and 5th casts, which are likely to be caused by horizontal intrusions.
[14] Patterns and scales of variations in the turbulent energy dissipation rate " were different from those in isopycnal depth and flow. Temporal and spatial (depth) vari-ability in dissipation rate was large, ranging from 2 × 10 −10 to 6 × 10 −7 W kg −1 (Figure 5a ). High values of ", in excess of 10 −7 W kg −1
, were found at 400-450 m depth in VMP-1, 260-370 m in VMP-4, 0-170 m in VMP-5, throughout a wide depth range in VMP-6, and at the near-surface in VMP-7. The occurrence of high " roughly corresponds to weak stratification (e.g., 260-370 m in VMP-4) and/or strong vertical shear (e.g., around 400 m during the 1st casts and around 100 m during the fifth casts). However, it must be remembered that LADCP data have lower vertical resolution than do dissipation-rate data, and the two sets of data were measured at slightly different times. The profiles of vertical diffusivity K r basically reflect those of ", although a band of extremely high values, exceeding 5 × 10 −2 m 2 s −1 , occurs at 260-370 m depth in VMP-4, to which low N 2 values made a large contribution (Figure 5b ). Because of these large variations in N 2 , K r ranges from 3 × 10 −6 to 8 × 10 −1 m 2 s −1 . [15] The mean±standard deviation of the logarithm of the mixing intensities yields a range of 1 × 10 −9 to 3 × 10 −8 W kg −1 for " and a range of 3 × 10 −5 to 2 × 10 −3 m 2 s −1 for K r . The mean (95% confidence interval by the bootstrap method) value of " is < " > = 2.21 × 10 −8 W kg −1 (2.05-2.37 × 10 −8 W kg −1 ), which yields an estimate of vertically integrated energy dissipation rate of ∼2 × 10 −2 W m −2 for an interior water column (not including the bottom boundary layer), given a reference density of ∼10 3 kg m −3 and bottom depth of ∼10 3 m.
Principal Components of Horizontal Velocity
[16] EOF analysis was performed to examine the pattern of current variability. Because the isopycnal surface of 26.6-26.8 s showed a large vertical displacement of 100-200 m (Figure 3) , the velocity data in z-coordinates were first converted into volume transport between the isopycnal width of 0.05 s centered at every 0.01 s increment from 26.40 to 27.16 s , and EOFs were obtained via its covariance matrix. In the cases that water columns were heavier than 27.16 s or lighter than 26.40 s , even at the surface or for the datum of the deepest point, volume transports at lighter or heavier layers were assumed to be zero, respectively.
[17] Figure 6 shows the mean and the first three EOFs of the volume transport normalized by the mean layer thickness, and their time variations. Both mean flow and the first EOF (EOF1, 42% contribution to the total variance) are composed from strong upper-layer flow and a weak lowerlayer flow where the boundary is located at a density of 26.8 s . The profiles of U and V components, and their time variation, indicate that EOF1 was an oscillatory shear flow with an period of approximately 1 day, crossing the sill at an angle of about 45°clockwise from the orientation of the strait. The second EOF (EOF2, 32% contribution) has a somewhat complex profile with a deeper peak in the V component and marked changes in time coefficients from CTD-4U to CTD-6D, but it also had a cycle of about 1 day. Although frequency cannot be specified from the 1-day data, these two EOFs are considered to represent diurnal tidal flow, which is expected to be dominant in this area. For the third EOF (EOF3, 17% contribution), the profiles of the U and V components show peaks around 26.9 s , and positive and negative peaks appeared within 1 day, hence considered to represent semidiurnal tidal flow. Because the three EOFs have low-mode (two-layer) structure, the mean and EOF1-3 are herein referred to as the lowmode flows.
[18] Figure 7 shows the velocity structure of these lowmode flows re-converted to z-coordinates. The structure is more complicated than that in isopycnal coordinates, because the isopycnal surfaces show large vertical variations in depths. While an apparent vertical propagation-like pattern is recognized for the V component of the diurnal flow (Figure 7d) , it is not caused by freely propagating internal waves, as the amplitude is fixed on the same isopycnal coordinate.
[19] Given that the mean and the first two EOFs show a two-layer structure divided by 26.8 s , we calculated, with the aim of examining its criticality, the composite Froude number G = V 1 2 /g′h 1 + V 2 2 /g′h 2 for two-layer flow (cross-sill component) based on the cross-sill velocity V i of the ith layer reconstructed from flows of the mean and EOF1-2, thickness h i of the i-th layer, and reduced gravity g′ [Armi, 1986] (Figure 8 ). Note that in Figure 8 , G is shown with open and gray bars for the period of which depth-averaged flow was up-sill and down-sill, respectively. G ranged from 0.05 to 0.3, being relatively high during CTD-2D to 5U and low during CTD-1D to 1U and CTD-6D to 6U. Given that G was lower than 1, the two-layer flow was subcritical at the station during the observation period.
[20] While the low-mode structure dominated the volume transport, as shown above, vertically small-scale and/or propagating variations may be important in explaining the observed turbulence intensity, as they are locally energetic and velocity shear is intense. Residual flow was then calculated by subtracting the low-mode velocity (mean + EOF1-3) from the raw velocity. As shown in Figure 9 , energy-containing variations have a relatively small scale (e. g., those at 420 m of CTD-1D and CTD-1U). Another notable feature of the data is that both the U and V components show upward phase propagation (typically seen as upward trends of the contour of 0 ms −1 in the middle of the observation period). In contrast to the propagation-like fluctuation apparent for the low-mode flows (Figure 7d ), this propagation is considered to be related to the vertical propagation of the internal wave, as indicated by turning of horizontal velocity with respect to depth; anticyclonic (cyclonic) turning of velocity with respect to depth indicates the dominance of internal gravity waves with upward phase/ downward energy (downward phase/upward energy) propagation [Gill, 1982] (Figure 10 ). The upward propagation through CTD-2D to 3U at depths of 400-500 m during the period of weak tidal flow indicates a vertical wavelength of 120-150 m and propagation speed of about 3.6 × 10 −3 ms −1
(60 m in 4.6 h), corresponding to a periodicity of 9.1-11.4 h.
Dependence of Mixing Intensity on Stratification and Shear
[21] Because the vertical profiles in Figure 3 indicate that the strong mixing is related to weak stratification and/or strong shear, in this subsection we consider the relationship between mixing intensity and stratification/shear. In terms of examining the scaling of mixing intensity with respect to stratification and shear, the data are presented in a similar way to that employed by MacKinnon and Gregg [2003] , to readily enable comparisons with their results and the results of future studies.
[22] Figure 11 shows a logarithmic intensity diagram of " 50 plotted against N 50 for 50 m box-averaged shear data calculated from velocity components of the raw data (S 50 ), the low-mode flow (S LM50 ), and the residual flow (S RS50 ). There exists a significant positive correlation between log 10 (" 50 ) and each of log 10 (S 50 2 ) (r = 0.46, p < 0.01; Figure 11a ), log 10 (S LM50 2 ) (r = 0.14, p < 0.01; Figure 11b ), and log 10 (S RS50 2 ) (r = 0.33, p < 0.01; Figure 11c ), where r and p are correlation coefficient and probability of accidentally obtaining the observed value (p-value) estimated by the bootstrap method; although the correlation coefficient of 0.14 between log 10 (" 50 ) and log 10 (S LM50 2 ) was relatively small. In addition to this positive correlation, anomalous strong mixing also occurred when stratification was extremely weak and when the 50-m-scale Richardson number Ri 50 = N 50 2 /S 50 2 was below the critical value of 0.25 during VMP-4; however, when all data are used, no relation is observed between stratification and mixing intensity (r = 0.00, p = 0.47). The detailed relationships between dissipation and stratification/shear are examined in the next paragraph
[23] Figure 12 provides direct comparisons between dissipation and stratification or shear, by calculating mean dissipation rates in logarithmic bins of either of these parameters (with more than 50 of 1 m interpolated data in 0.1 log 10 (s −2 ) interval bins). Mean dissipation rates had significant positive trend with respect to shear, with a linear regression coefficient of log 10 (" 50 ) (95% confidence interval by the bootstrap method) on log 10 (S 50 2 ) and log 10 (S RS50 2 ) to be 0.78 (0.68-0.90) and 0.89 (0.53-1.2), indicating the approximate relationship of " 50 ∼ S 50 1.6 and " 50 ∼ S RS 1.8 , respectively (Figures 12a and 12c) . Although log 10 (S LM50 2 ) also had significant positive relationship with log 10 (" 50 ), its impact on the dissipation rate was significantly smaller than that of S 50 or S RS , as would have been expected from Figure 11 , which was confirmed by the small regression coefficient (95% confidence interval) of 0.095 (0.02-0.18); mean dissipation rates with respect to S LM50 bins were mostly within the range of 10 −8 -10 −7.5 W kg −1 , which were comparable to the width of the error bars (confidence interval of the bin-averaged data) ( Figure 12c ). As also expected in Figure 11 , log 10 (" 50 ) did not have significant linear relationship with log 10 (N 50 2 ). Dissipation rates were high in either strongest stratification bins of N 50 2 > 10 −4.7 s −2 or weak bins of N 50 2 < 10 −5.6 s −2 (bins of N 50 2 < 10 −6 where the anomalous strong mixing have been found in Figure 11 contained fewer data than 50/bin, hence bin-averaging was not conducted). While the dependence of the dissipation rate on the Richardson number basically reflects the dependence of shear, the dissipation rate in the range below the critical value shows much higher values than those obtained for noncritical values, except for the value estimated for −0.4 ≤ log 10 (Ri 50 ) < −0.2 (Ri of about 0.5) (Figure 12d ).
Discussion
Mixing Level
[24] Based on direct microstructure measurements, we obtained vertical diffusivity estimates of 3 × 10 −5 to 2 × 10 −3 m 2 s −1 . Although this range is comparable or greater than the upper bound of 10 −5 to 10 −3 m 2 s −1 measured in other areas of the North Pacific, including the Hawaiian ridge, Izu-Ogasawara ridge, and Aleutian ridge , it is much smaller than the range of 5 × 10 −2 to 10 −3 m 2 s −1 suggested for the Urup Strait based on numerical experiments and altimeter data [Nakamura and Awaji, 2004; Tanaka et al., 2007] . The measured mean (95% confidence interval) rate of energy dissipation for the internal water column (not including the bottom boundary layer) " of 2.21 × 10 −8 W kg −1 (2.05−2.37 × 10 −8 W kg −1 ) is smaller than the value of ∼10 −7 W kg −1 predicted by Tanaka et al. [2007, Figure 5, equation (13)], based on an energy conversion rate of ∼1 Wm −2 around the Urup Strait and the expression of upward energy flux of internal waves. How- ever, because the measurements reported in the present study were only conducted over a 25-h period during neap tide, further observations, especially during spring tide, are required to resolve this discrepancy.
Temporal Variability in Flow Structure
[25] Temporal variations in the vertically averaged flow and EOFs suggest the dominance of flow with a periodicity of approximately 1 day, consistent with a previous modeling study that reported the dominance of the diurnal tide in this area [Nakamura et al., 2000a] and a study that reported the dominance of the diurnal tide in the Bussol' Strait based on direct current measurements [Katsumata et al., 2004] . However, the variations were strongly baroclinic with depth and were asymmetric over time, as evident in the composite flow of the first two EOFs, which showed a two-layer structure with a strong amplitude above 26.8 s and an abrupt change from up-sill to down-sill flow between CTD-4U and CTD-5D. This difference might be related to the depths of the strait,
[26] Considering the above observations, together with variations in the depth of the isopycnal surface, it is suggested that the two-layer structure of diurnal flow is related to interaction between the flow and the sill. Because the sill within the Urup Strait is steep and high, rising from a depth of several thousand meters to about 100-200 m (Figure 2) , the lower layer below 26.8 s is likely to be blocked (as in Figure 5 .32 of Baines [1995] ), while the upper layer periodically ascends and descends the slope. The downward displacement of the isopycnal surfaces of 26.6-26.8 s during the down-sill phase is consistent with the characteristics of the lee wave caused by the upper layer flow, which was also recognized in a previous numerical experiment [Nakamura et al., 2000b] . Moreover, we suggest that the evolution of this lee wave is related to hydraulic processes. Even though the down-sill flow during CTD-5D to 5U was subcritical (i.e., G of ∼0.2 < 1; see Figure 8 ), it may have been supercritical (i.e., G > 1) at areas near the top of the sill. This topic is discussed in the following paragraph.
[27] Because the reconstructed velocity in the lower layer was weak, the composite Froude number is approximated as G = V 1 2 /g′h 1 . Consequently, the conservation of volume transport of the flow along its path over the sill indicates the proportional relationship between G and h 1 −3 . As the observed thickness of the upper layer above 26.8 s was close to 500 m at CTD-5D, the down-sill flow could have been supercritical before that cast if it had passed the area shallower than about 300 m. Although we have not had any observational evidence of the flow coming from such an area, we presume the occurrence of the supercritical flow because a slight excursion of several kilometers from the south (the approximate direction of the upper layer flow observed at CTD-5D) satisfies this condition. In such situation, the transition from supercritical to subcritical state would have accompanied a hydraulic jump between the shallower area and the observation point.
Implications for the Mechanism of Enhanced Mixing
[28] The above analysis of the relationship between mixing intensity and each of shear and stratification suggests that there exist two types of processes that enhance vertical mixing ( Figure 13 ): (1) a process related to extremely weak stratification at VMP-4, which results in a Richardson number below the critical level, and (2) a process related to the intensity of shear at various times and depths.
[29] The first process of enhanced mixing can be interpreted as the direct breaking of large-amplitude internal waves. As stated above, we suggest that these waves are generated by down-sill flow, which is expected to be supercritical (G > 1) near the top of the sill. The down-sill flow accompanies a large depression of an isopycnal surface as reproduced in the previous numerical simulation [Nakamura et al., 2000b] , and the breaking of this wave yields intense mixing (Figure 13a ). It is expected that stronger flow during spring tide would generate largeramplitude waves and cause stronger mixing.
[30] The second process was found to represent the positive relationship between the dissipation rate and shear, to which relatively high-mode flow is suggested to have made an important contribution (Figure 12 ). It is also suggested that propagating internal wave packets are directly related to energy dissipation. Regarding internal wave propagation, we detected upward phase propagation with a period of approximately 1/2 day from CTD-2D to CTD-3U (Figure 10 ), indicating the downward propagation of wave packets. This phase propagation was caused by energetic internal wave packets generated on the Okhotsk side of the sill, which break during the up-sill flow and that reached around 400 m depth at the observation site during the 1st CTD/VMP casts: this downward propagation of the wave packets away from the sill is probably influenced by the background up-sill flow, which is schematically illustrated with a curved arrow in Figure 13b . The semidiurnal period arises from either the semidiurnal tide as EOF3 or the diurnal tide as its first harmonics [Lamb, 2004] . The occurrence and evolution of propagating internal waves under the forcing of diurnal tidal flow has also been reported based on the results of numerical simulations [Nakamura et al., 2000b; Nakamura and Awaji, 2001 ], although only upward-propagating wave packets were considered in these previous studies.
[31] The relationship of " 50 ∼ S 50
1.4
-S 50 1.8 and " 50 ∼ S RS 1.1 -S RS 2.4 obtained in Figure 12 is different from the representative open-ocean scaling of the proportional relationship between " and S 4 [e.g., Gregg, 1989] , which assumes interactions between propagating internal waves and background shear caused by internal waves, which have specific spectral properties representatively described by Garrett and Munk [1975] . While the other scaling of the proportional relationships between " and S, and " and N has been suggested for continental shelf areas, focusing on the interaction between internal waves and low-mode tidal shear flows [MacKinnon and Gregg, 2003 ], this cannot be directly applied to the present study, as our observation station was located upon a steep sill in a narrow strait rather than on the continental shelf, and impact of the shear of the low-mode flow on the dissipation rate was found to be far weaker than the proportional relationship. However, low-mode shear flow may have made a significant contribution to the breaking of the propagating internal waves via amplification [Nakamura and Awaji, 2001] and/or cascading down [MacKinnon and Gregg, 2003] ; these possibilities should be confirmed in future studies. Figure 13 . Schematic illustrations of the processes responsible for the intense mixing recorded at the observation station: (a) the occurrence of large-amplitude internal waves during down-sill flow and (b) downward propagation of internal wave packets during up-sill flow. Open arrows, gray lines, black dashed arrows, and black stars indicate tidal flows, isopycnal surfaces, propagation of wave packets, and the depth where strong mixing was observed during the corresponding flow phase, respectively.
Notation
